room temperature. The canisters were then sealed by hot crimping the evacuation tube.
122
The HIPing cycle consisted of simultaneous application of temperature and pressure at 
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selected regions per specimen were acquired for statistical analysis of the data.
138 Table 1 : Chemical composition (in wt%) of 316L stainless steel powder determined using inductively coupled plasma mass spectrometry and intert gas fusion. 
Sample

Data analysis
139
To study the evolution of grain boundary network and the microstructure of 316L powder 
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Since TRDs contain information pertaining to the microstructural development, they 153 were analyzed in detail using ARPGE, a python based software developed by Cayron 
161
The grain boundary misorientation maps of three as-received powder particles of ∼ 35 are also seen (i.e., boundaries with misorientation <5
• , which are coloured in white in Fig.   173 2b). Moreover, the Σ3 grain boundaries in all particles are not long and straight, but have 174 appearance similar to any other high angle grain boundary. In Fig. 3 , a representative 175 grain boundary misorientation map of the fully consolidated specimen is shown. It is 176 seen that annealing twins (i.e., Σ3 boundaries in the coincidence site lattice framework
177
[14]) form a significant fraction of the grain boundaries present in the microstructure.
178
The appearance of parallel sided Σ3 boundaries, i.e., annealing twins, in the orientation 179 map suggests that they had formed as a result of recrystallization during HIPing. tics for the powder and the fully consolidated specimen (Fig. 2, Fig. 3 , and Tab. 2),
187
it is clear that the microstructure changed from the one containing random boundaries 188 in the as-received powder to a twin dominated one in the fully consolidated specimen.
189
In order to understand this change, microstructures representative of those present at (Colour online). Table 2 : CSL boundary fractions and triple junction distributions averaged from the data of the three powder particles shown in Fig. 3 , and for the fully consolidated specimen. Values in the brackets indicate standard deviation. and a decrease in subgrain boundaries is seen in the sample HIPed at 1120
• C (Fig. 4d) . and J 3 fractions while the variation in J 2 with HIPing temperature is less pronounced.
221
These observations are in accord with the increase in the fraction of Σ3 n boundaries as a 222 function of HIPing temperature (Fig. 6a) . In other words, as the fraction of twin bound-223 aries (i.e., Σ3, Σ9, and Σ27) increases, so will the fraction of triple junctions containing 224 them.
225
During the early stages of HIPing, particles are deformed by the application of pres- HIPing condition was estimated using ImageJ software [44] . Due to the contrast differ- 
13
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observed in the microstructure (in other words, the specimen was nearly consolidated), TRDs, which are linked to recrystallization, were reconstructed for the fully consol- can be correlated with low fractions of twin boundaries (see Fig. 6a ). In the fully consol- TRDs will be less than the particle size. The disribution of LLC is shown in Fig. 9b .
290
Not only does the LLC max increase (also see Tab boundary misorientation maps (Fig. 4) , and from the quantitative analysis of the EBSD 307 data (Fig. 6a) . In regards to the number and length fractions of twin boundaries (i.e., 
312
Since the Σ3 boundaries are straight and long (i.e., annealing twins), they are, on 313 average, longer than other high angle grain boundaries, thus giving rise to the observed 314 inequality (i.e., for Σ3 and total CSL fraction) [21] . It has been suggested that the The distribution of triple junctions has also evolved accordingly (Fig. 6b) . Specifically,
322
a decrease in the fraction of J 0 and an increase in the fraction of J 1 , J 2 , and J 3 junctions 323 is seen, which correlates well with the increase in the number fraction of twin boundaries.
324
Experimental results on the microstructural characterization of several low to medium 
where P (i, f n Σ ) is the probability of having a triple junction with i CSL boundaries for a 3. It is seen that experimentally observed J 0 agrees well with the analytical probability 348 distribution while the agreement is poor for other triple junctions, in accord with the 349 observations of Kumar et al [22] . Since all boundaries at J 0 are random, the combination 350 rule (i.e., Eq: 1) does not apply and the agreement with Eq: 2 is good. However, 
370
The fraction recrystallized as a function of HIPing temperature was estimated using 371 GOS criterion (Fig. 7a) . It must however be noted that this fraction, which is around 372 38% for the specimen HIPed at 950
• C, also includes regions that have not undergone 
396
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It is observed that the propagation of twin chains during HIPing, as seen from the 397 evolution of LLC and LLC max , makes the specimen more polysynthetic (refer Tab. 3).
398
In other words, during HIPing process, as the specimen recrystallizes, reverse twinning is grain size, the larger particle contains an order of magnitude more number of grains than 422 the smaller particle. Consequently, it is likely that larger particles would be harder than
423
smaller particles because they contain many more grains that constrain each other during 424 deformation. So, even with the theoretical density achieved after a full HIPing cycle, 425 depending on the particle size distribution, some non-deformed particles can still remain 426 in the compact. In other words, they would just retain their original shape, and won't 427 undergo recrystallization; this is illustrated in Fig. 11a . It shows the reconstructed TRDs
428
for a region in a fully consolidated specimen that has not completely recrystallized (i.e., 
433
Comparing the grain boundary network of the heat treated powder (shown in Fig. 11b ) 434 with that of non-deformed region in the fully consolidated specimen (Fig. 11a) , it is seen 435 that they are very similar. This further suggests that the as-received powder does not 436 have enough stored energy for it to recrystallize if it has not deformed, albeit subjected 437 to full HIPing cycle.
438
So, it can be understood that a temperature cycle without simultaneous (or prior) 439 deformation of the particles would only result in grain boundary migration and perhaps 440 grain growth, and that deformation of the particles is a prerequisite for recrystallization 441 (compare Fig. 11b with the as-received powder shown in Fig. 2 ). It must be noted that force for recrystallization even in the absence of prior plastic deformation [62] .
447
(a) (b) (c) Figure 11 : (a) TRDs in a region in the completely consolidated specimen, which contains a powder particle that has not deformed. The peripheral region of the particle and the region surrounding the particle have recrystallized, amounting to a rigid particle sitting in a soft matrix.
Further deformation is not possible as the compact has been completely consolidated. TRDs in a heat treated powder particle are shown in (b). Similarity between the two (i.e., a and b)
confirms that particles need to undergo deformation to recrystallize. Legend is shown in (c),
where the numbers indicate n in Σ3 n (Colour online).
While the tendency of a material to twin depends primarily on the chemistry (in other of grain boundary network. Since these changes can be applied during the HIPing process, 484 they can be implemented on near net shape components. Two examples are presented.
485
It must be noted that the aim here is to only demonstrate that the topology of the grain 492 4a) reveals that the heat treated specimen has undergone static recrystallization (SRX).
493
The fraction of twin boundaries and triple junction distribution in the annealed specimen heat treatments need to be optimized (e.g., shorter time at lower temperature). that the extent of multiple twinning is more in the former. This again shows the influence 527 of particle characteristics and chemistry on the development of grain boundary network.
523
528
The two examples shown above, demonstrate that there is a potential for controlling the 
Conclusions
532
The aim of the present study was to understand the evolution of grain boundary network 533 in 316L austenitic steel during HIPing. The main findings are:
534
• The as-received nitrogen gas atomized powder predominantly contained a network 535 of random boundaries while the completely consolidated HIPed material had a large 536 M A N U S C R I P T
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fraction of annealing twins, indicating that the principal mechanism governing the 537 microstructural evolution during HIPing is recrystallization (DRX and SRX).
538
• As-received powder does not have enough stored energy to recrystallize without 539 deformation. Plastic deformation of the particles, which occurs at high temperature 540 during early stages of HIPing, is a prerequisite for recrystallization. Because of 541 the size dependence on the extent of their deformation, particle size distribution 542 strongly influences the final microstructure.
543
• The recrystallized fraction increases during both ramping up stage (i.e., of P and 
548
• Quantitative analysis of TRDs, which are linked to recrystallization, reveals that
549
T RD , N g , LLC , and p increase during HIPing.
550
• By altering the particle characteristics, HIPing cycle, and post-HIP heat treatments,
551
it is possible to change the grain boundary network, indicating the potential for 552 grain boundary engineering during HIPing.
553
Finally, it must be recognized that HIPing is a thermomechanical process. While in 554 most cases, the primary objective of powder based HIPing is to produce a fully dense 
